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A method   is described  for studying the thermal sh.ick character • rziz; 

of a brittle material.    An analysis of the thermo-stresr-es developed  in a 

"homogeneous",   "isetrcpio"  so113  sphere has   led to the formulation cf an 

equation relating the physical properties of the tody to the temperature 

difference  causing failure and  tine   l_> i.-.ax inur. stress   in a single  cycle 

unsteady state test.    The therms. L shoe!-. test  consists  of plunging a sphere 

at  one  uniform temperature   ini,-. a media- at  another temperature.     If fracture 

-ocurs the  time  to frac+•'"**»   is  recorded.    A   it-.rge  number  of  tests nre- run 

tc determine the temperature difference vhich causes  5'"v of the spheres 

to fra-ture.    The  thermal chvck rel&tior-^hipc were  t*#"t*8  using Goers* 

high alumina body.    The physical properties relating to the  thermal  shock 

equations vore measured,  ar.d  calculated  temperature  differences causing 

fail'U*n 8Wf:   times  t"   Mlfsua strode v re  o^myor-v' with BRfi-j'^ vaiuo;-;, 

C*2fficier.-:  n.-.ovmeni vas  f  u:/l  tc   lend  cuor:.: 

MMH n'i. -:—   -rain i_„_ 
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Thermal shock resistance  is that property of a body vhich 

enables   It  tc withstand  sudden and  severe  temperature  changes without 

fraol-urir.g.    This ability tc withstand thermal shock depends upon such 

fact .rs as  c\mp\siticn,   shape,   size,  temperature distribution,  manner of 

heating and  cooling, and the   inherent strength of the body.     In many 

anp": 'rat i r.n.q,   it  is   imcrtant fj know hcv the  physical properties of a 

r-At'.-rial will affect  Its alil.ty to withstand  thermal   shock.    An initial 

approach  &«3 this pr.'tlem becomes thatcf cstnbl ishing the conditions which 

will cause   -.he thermal stresses   In the tcdy to exceed the breaking strength. 

When 'i b^dy  is heated   Of c."ob..-d  the  difference   in temperature between the 

t iU* .1.  f   i-i: 

'Jerarr.ic materials exhibit relatively poor thermal   shock resistance, 

Its compared tc metals.    Tv ; r.   <£ perhaps the main barrier to the extensive use 

~f refractories   in jet-pr-r-puision and rccket engines.     ?ecause  n^n-ductile, 

i.e.,  brittle  ceramic  materials,   possess  many desired  properties,   such as 

strength a4, high tempe rat -ores and high melting points,   there  is considerable 

interest   la the  spelling behavior of these materials. 

The fKiffOf?  n+' thin  1 nvpr,tigation was  tc  determine the thermal shock 

resistance  en heating and cv-o'Jing a brittle solid  sphere and   to compare the 

experimental results with the theoretical equations. 

THEORETICAL CCHSIDERftTICHS 

In this paper,the thermal shock resistance of any body is defined 

as the maximum Initial temperature difference between the body and Its 

surroundings which the body can withstand without fracturing.    Fracture Is 

assumed to take place when the tensile stress at a point exceeds the strength 
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of the body, 

1.    General 

The theory of elasticity is contained forn^lly in the linear elastic 

equations which relate the components of stress  (<? '   *i) to the components 

of strain (£*•'&)$ /:•'- 

-t^mmm^ 
c:4 - ~* *.' A'    *  £ u>:/c £ «X5 1.1 

where     r* 
an«rf 4P ,4,4* w* 

together with a cartesian coordinate system (,-».,)  for the  location of the 

material points of the body.    The constants y and ^'characterize  the 

elasticity of the body complete!v and ^re related to young's Modulus and the 

Modulus of Rigidity,    Equation (1.1)   is applicable,  then,  only to homogeneous, 

isotropic bodies. 

That thetr,. fcare symmetric  (c LK .". C *..i)   is proved easily by 

considering the rotational equilibrium of an infinitely small parallelopiped 

about the coordinate axes.    The ten«or ch«r»<vh***" of the <r C ~P.     is proved 

from the translational equilibrium of an infinitely small tetrahedron. 

The  strain r. opponent s<c -i£can be defined   in terns of the strain 

metric:    Two  infinitesimally near material points which initially have 

coordinate differences   Ux<-    will, after the body is distorted, be separated 

by a distance: 

1.2 

I nr 



The symmetry and tensor character of thef^^C  is easily inferred 

frcm the form of eq.   (1.2).    In the following we shall use the convention of 

Bumming crrer these  indices which appear twice in the same term.    Thus, e.g., 

eq.   (1.2) can be rewritten: 

r/'r-- (Ai *U €t *L) dxi 4 xA X.Crt 

In general the stress distribution if*\j% is not given, but must be 

calculated from a known distribution of body forces per unit volume and surface 

forces.    Denoting the components of the force per unit volume by   X i.    , an 

^•pplic^tirr. of Green's?  The ore?, f-^v surfnee  intefrmls yields the equilibrium 

conditions: 

ri x Z 

If the body is  initially '.metreined  the f- i ggare  subjected to the restrictions 

(compatibility conditions): 

where the comma  (,) denotes partial differentiation with respect to the 

coordinate vhose   index follows.    The system (l.U)  constitutes six algebraically 

independent equations.    The system (l,h),  (1.1),  (1.3)* therefore contains 15 

equations In the 12 functions Gt, W, and ^ £ •    Suctl a system would in general 

-   - 
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be over-determined were it not for the existence of 3 Identities connecting 

the equations. These are indeed given by the three "Bianchi" identities for 

the ri A X^ : 

h: ft A* ? * * ptl ^ •*« h s -? + Pc^s' " ••% •*•• r a 1.5 

The syste- (2.V),  (l.T),  (1.3),   is therefore complete and  not ovor-d«»termined. 

S.    The Thermo-EIastlc Equations 

In case a non-uniforr temperature distribution exists  in the body. 

eq,   (1,1) must be modified  to ta'*e  into account the distortion of volume 

elements resulting from the thernal expansions.    W* replace   fl.l) by: 

*M= *fc % f > *v#i i <«•**- PAi-kf 2'x 

where     j-   is the  temperature  cf the  point with coordinate   ix ' )   tM excess  of 

some  uniform temperature throughout the bx'y.    The  constant    r.   characterizes 

the thermal expansion  ;f an unrestrained volume clement.    From here on, we 

assume that the volume and  surf'-ce forces vanish everywhere,  so that we have 

to solve the system: 

g»£-A i wrn-A * &*A i ^ £- -u - 'V41 4. « 2#1 

$"£fj ^ " c 1.3A 

f'«r'*:**"!"'. -- "".-'    — - 1""   •: _'» — 
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3. Thermal Stresses In the Sphere 

For a sphere heated symmetrically about Its center, it Is 

stifflclent to write the £ £ ^ in the form: 

£c&^   8 Al A + Pxcx A. 

\M 

3.1 

where      £f    D    are functions of K ;   V^7~7^~t^y?~only, to be determined, 

Instead of determining the functions Bj  D       directly by substitution 

into the system (2.1),   (1.3),   (l.U),it  is simpler to first write the    £CrL 

as: 

€14* x-cfc'i i-fAoO 3.2 

This expression for the C± ^ satisfies eq. (1,U) identically, as a short 

calculation will reveal. We can further obtain the required form (3.3) by 

setting: 

Xi ?  9 Cr') XL 

We have, using eq.  (3.2): 

ecu. = zAi*+(£jxcxA 
^H 

 ,-—— 1 
1 

SET^ 
•         — ,->J_.,^~-    -      ' 



—•e«M*'.»e.-vs«jrat.1.1 - 

-7- 

By eq«. (2.1) ana (1.3) the equilibrium equations reduoe to? 

3.5 

and ve have 

fl i    P 

^3 
3.6 

In order that     v     be finite at c 
i- - Q     , ve must put C^ s O 

in the above.    Substituting (3.6;  into (3.M, we find along the JRj, — axis 

n 

V-' ? &M     ° 
3.7 

f, 3.8 

n <& //<*'«•"•« ^i» ^ 

o 

3.9 

and 

<r„ - - AjPJt -±--, / S(t-Tdr' AY + 3UJ) c, 3.10 

• • . • •.•»— ttw.49 V /Cj 3«H 
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at ^ r r - the radius of the sphere, we must have cr  a O 

(3.10) ve find: 

t" 

CWJif/iGi, tJRJL **ftirt4t> 
W + UJ 

o 

Using the notation: 

Using 

3.12 

J°- -     3 fj M %;V 
< 
/ -/ i 

u r 
7 

0 J o 

dr' 

" 6 
itJ:LJ   a 

r n 
/_ A 

3.13 

3.1^ 

3.15 

we car. rewrite   (3.10),   (3.11)  as: 

I < j    c      / 
3.16 

-     <T, , 
3 

,f * jt JV *#>* 
3.17 

All the other stress components vanish along the   /(r    axis. 

When the tenqperature distribution In the sphere is known, eqs.  (3.10),  (3.11) 

give the complete solution to the problem. 
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For a sphere hoted by radiation at the surface with initial 

uniform temperature takes, at zero, ve haves 

<*Vfn MmtM**    3*18 

where      /<o z    mot -s Moauius 
._/ 

Vr 

7     a^ 

=   Thermal Biffuslvity 

i    Time to maximum stress 

s Are the roots of Yr.   C#"*   Vn   f .6"-/   * O 3.19 

and the temperature of the radiation is taken as  J^ » 1.    If,  in the right 

side of (3«l8)    .<3t-* jpr,'?   iS -written as a Taylor's series expanded about 

VT -   C     -f  it  is seen that only even powers of   J?       appear.    We can 

consequently obtain a good approximation for     .f      if we write: 

Z 3.20 

where / i - and      Y       z center temperature of sphere. 
v I 

The boundary condition at    |f    a 1 1st 

Substituting this Into (3.20), we hare*. 

3.21 

3.22 

Sffijg^fiBr—rrt*;:_ -r~:—-..-»----- :  -    - - • 
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Then (3.20) becomes: 

r . 

it 

and 

3.23 

M   L 
3.2^ 

Using (3.16),  (3.17), we find: 

P *jk   s - a 3.25 

m 3.26 

To this approximation the maximum stress evidently occurs for -Jo close 

to unity. The maximum stresses ar* therefore approximately: 

* 

- <Tn K^m^ . v>«*yS 3.27 

A series of individual calculations, using the series (3.18) reveals that 

to wtthln % error in the interval 

•»•; *&'-— •** 

i 

'.-•••......'      :    - ••,_-; 

• • •••       •.'••• j 
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k»    Concluding Renarks 

In the application of eq«  (3.27) the following relationship gives 

the teinperature difference causing failure (AT) In °C», If the tensile 

strength and Young's Modulus are In p,s«l. and coefficient of thermal 

expansion In cfc~1 and   HP»  «*%**&" S    SA^L^lL^JL. , then: 

• *-      fj    /- 

M 

vhere   0  z 

«  = 

.-/: i 

Blot's Modulus - r ,4 

Polsson*s Ratio 

Young's Modulus 

Coeff lcir»nfc of Thertnal Expansion 

Breaking Tensile Stress 

Radius and //   &    surface heat transfer coefficient 

Equation U.l appearing above  is valid for the heating and cooling of a sphere 

if  (r//)   is within the range  of .1 to 10.    Within this range the above 

equation is accurate within 5*.    For ceramic materials heated or cooled  in 

air or In a liquid .salt the (r 11) will undoubtedly fall vithin this range. 

However,  -ohere may be  eiicuaatantsqaj which require the use of an equation 

fitting the extremely large or extreciely snail values of  {'f^\ . 

Straight forward but lengthy calculations using the series  (3.18) 

and a eecood expansion for (  f )  in terras of error functions, reveals that 

An equation vhlch fits the cooling conditions ouch better for (r//) around 10 
appears belov: 

    /S-ac 
..-../-'.v.. -vffiaaa**• • >»••    - 

....-      ......... 
'     : - " .'- - :'..'• ..'•• 
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the asymptotic solutions for the maximum stress are: 

for rH <<    1 

cr. 

for thl ? ?l 

*/    k.5 

Figure   1 Is a plot of  (^y r-eU-) against  (/O )  and  Indicates the 

manner in which the nondimensional stresses  In the sphere vary vith changing 

Blot's Modulus. 

One cf the advantages of an unsteady state test for thermal shock 

is that  it enables one also to determine the time to maximum stress for a 

simple shape.    The  time to maximum stress,  of course, may he used to determine 

the time at which failure will occur In the specimen after It Is subjected 

to the single heat shock, provided the crack which Indicates failure propagates 

to an extent Where It nay be consistently determined.    The time to maximum 

{ &') is related to the radius of the sphere ( \r ) and the thermal 
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diffusivity Cfe-3 by the relationship appearing below: 

'* £* 
* 

5. U.6* 

Nondimensioual time  (f) as a function of  ( /&)  is shown in Figure 

TESTING TECHNIQIES 

A.    Thermal Shock Tests 

1.    Specimens 

The shape,  size, and material of the  specimen used for the thermal 

shock tests were the first experimental considerations.    The solid sphere 

is a convenient shape for experimental use; however,  forming procedures for 

this shape are  not a?  Pi>rl» as fT snrs  other shapes,    "he deciding factors 

in the  selection of this  shape were:  first, very few assumptions were required 

to match experimental and theoretical boundary conditions and  second,  a good 

source was found  for fabricating this  shape. 

A selection of the material to be used presented  several problems. 

In order for the  sphere tr  qualify m «• homogeneous and   isotropic material 

und  still be ct'rifiid^red an elastic  substance   it  should   ideally be a brittle 

substance  of one   single composition and  continuous structure.     In addition 

this substance  should have r.c  physico-chemical changes taking place within 

the range where  it  is still an elastic body (or at  least over the temperature 

range  selected for study.)    The material selected was Conors'  finding ball 

material designated as type kti-2 ceramic  - high strength alumina.    Microscopic 

examination of the structure of this material indicated a very dense uniform 

crosB section having a very high predominance of one phase - alumina.   Although 

this material is not microscopically homogeneous it is macroscopically 

*Mucb of tte basic data far this equation and (k,l) were obtained from 
"SsttadVlll DM ?*Mi»» D»*t»cfc*r Iaasnieure" ED. 69, HB. 21 mi 23, 1925, 

i 

i 

rag^s&g 
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homogeneous,  I.e., volumes of the order of lmnr my be considered equivalent 

with respect to E,..<! ,  -rf', .o a«d Jff *   Also Coors   vas able to form ail 

specimens in the shapes required ( for example, the cylinder for thermal 

dlffusivity etc.).    Five ball diameters were selected for study - 1, lir, ~Lz> 

2, and 3". 

After receipt of the balls, outwardly imperfect ones were discarded. 

All remaining balls were measured for degree of roundness, and a check was 

made on water absorption (porosity), density and average diameter. 

2,   Testing 

._ . ... ,   Tests, were conducted on these balls using two thermal stock conditions; 

one,  in a salt bath having a rather high surface heat transfer coefficient 

and two,   in an air radiation boundary condition with a smaller surface heat 

transfer coefficient. 

a.    Liquid Boundary Condition - Heating 

After the balls had reached uniform roo*?i temperature they were 

it- placed  in a fine wire basket and  immersed by hand  into the salt bath    cf a 

prearranged temperature.    See Figure 3.    The time required to fracture the 

ball was recorded.     ?Jo difficulty was experienced   in determining failnre, 

as the balls exhibited complete fracture whenever a crack was started. 

(This fact was corroborated |j  immersing the buii In Z,yyiu p^uevr"vvt    mm 

examining under ultraviolet light  Lc determine fine cracks.    The tail was 

then fractured by impact aud examined again for crackc.)    If no failure 

occurred the ball was not tested again.    At least ten balls were tested at 

each temperature.    The temperature range vhere fracture occurred was studied 

and the (df) values selected at a point where 50# of fracture occurred. 

8ee Figure U.   This plot indicates the percentage of one inch balls that 

*Itt«c - HMarfactured by E, I* DuFont De ffesours & Company 

ntj*lc- * NMHtoetore* by mgaftf lux Corporation 

M""'-' Mgyaqgrrr   . "yv 
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fractured at each temperature interval, For this particular plot $00 balls 

were tested. (It Bay be seen that the plot approaches a normal distribution 

curve.) The time to maximum stress (Qr ) was obtained by: first, determining 

the 10°C cell centered upon the temperature corresponding to 50$ failure of 

the ball and second, averaging the times to failure in this cell* The 

temperature difference causing failure and time to maximum stress were 

determined for the five sixes of balls, i.e., 1, l£, l|r, 2 and 3", 

b. Liquid Boundary Condition - Cooling 

After the balls had reached uniform room temperature they were 

placed in the pipes of a gas fired furnace shown in Figure 5. Thermocouples 

were placed ic the tubes adjacent to the escapement device and the gas adjusted 

to obtain a uniform temperature on all lower level balls. The temperature of 

the salt bath was then adjusted to obtain the proper temperature difference. 

At least 10 balls were dropped into the salt bath at each temperature 

differences The temperature range where fracture occurred was studied and 

the (/3kT) selected at a point where 50$ of fracture occurred. This 

procedure was used to study the temperature difference causing fracture in 

the one and sne quarter ir.ch balls. The time to maximum stress could not be 

determined in these tests because the time was too short. 

c, rtir-rSo.uWuicn BMyit&liisfjf  -uuuniuu  - u»'-v.i,lie 

The ballB were prepared  in the same manner for this test as for 

the  salt bath heating.    After the furnace had reached B prearranged temperature 

the hearth was lowered and the ball placed on the three-prong support on the 

hearth.    See Figure 6,    The hearth was raised  immediately,  plunging the ball 

Into a uniformly heated chamber.    The time required to fracture the ball was 

!*.*. .-•   :   . 

MfiiMiirn—inrnHfin wmsse.• i»'••'>.''..." " •'• v?"" 
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recorded. Again no difficulty was experienced In determining failure as the 

balls exhibited complete fracture whenever a crack was started. Viewing ports 

were provided in the furnace to aid in the determination of fracture time. If 

no failure occurred the ball was not tested again. At least ten balls were 

tested at each temperature. The temperature range where fracture occurred 

was studied and the EH T)and ( ^ ) values selected. The same procedure was 

carried out for several sites of balls, i.e., l£, \h,  2 and 3". 

i. Air-Radiation Boundary - Cooling 

A number of balls were tested for the temperature difference 

causing failure upon cooling in air. The balls were placed on the same three 

prong support used for the heating experiment. The hearth was raised placing 

the ball in the heating chamber ana" the furnace temperature increased until 

the desired elevated temperature was reached. The ball was allowed to reach 

uniform temperature, then the hearth was lowered and the ball removed from 

the hot three prvng support and placed on another similar support exposed to 

the room atmosphere. The approximate temperature difference causing failure 

was determined for a small number of balls. Because of the nature of the 

boundary condition of the cooling medium, i.e., a large volume of stagnant 

air at room temperature, it was difficult to clarify the very scattered results 

obtained. (Times to failure were recorded from several seconds out to nearly 

an hour, consequently no data have been reported). 

B. Thermal Expansion 

The thermal expansion equipment used in this study has been described 

by A. Lieberm&u.1 The expansion of this material was measured on a 3/8" chip 

of a fractured ball both using the quarts and the sapphire dilation parts. 

With the sapphire parts, data were obtained up to lU00°C. A heating rate of 

"Design and Construction Self* 
Society 35 
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3 C. per minute was obtained using a temperature program controller. 

C    Tfaerafil Diffueivity and Surface Heat Transfer Coefficient 

An unsteady state method was used to measure thermal diffv^:vlty 

and surface heat transfer coefficient of the Coors   material.    This method 
2 

has been reported by H. S. Levine .    Semi-infinite cylinders, 1" diameter by 

k" long, vere formed having 1/8" holes along the cylindrical axis.    At least, 

three hole depths were required to insure accuracy in the measurements. 

The method consists cf plunging the semi-infinite cylinder with a 

thermocouple imbedded  in the l/8" hole,  into a uniform heat bath, and taking 

temperature readings on the thermocouple as the specimen is heated or cooled. 

Figure 7 1B a diagram of the apparatus used for air radiation boundary studies. 

The specimen was placed  on the pedestal support with the thermocouple in place. 

The racking device was used to plunge the specimen into the radiation heat 

bath.    A portable precision potentiometer was used to record the temperature 

rise as a function of time at that point within the specimen.    The  test Was 

repeated for the sane specimen at kkO, 6-00,   800,   1000 and  1200 G then another 

specimen of exactly similar structure Luv different hole depth was placed on 

the pedestal and the same test run..    This procedure was repeated for each of 

k hole depths.    From the data obtained,  thermal diffusivity, Blot's Modulus 

and Surface Heat Transfer Coefficient were calculated for Wbmm  IttUK-raturio. 

So that duplicate experiments could be run for both the thermal 

shock test and the burfuce heat transfer coefficient measurement,  it was 

necessary to devise a method of moving a semi-infinite cylinder into the 

same heating or cooling condition as was used to fracture the balls. 

Consequently, double heating chambers were constructed.   Figure 8 is a 

drawing of the apparatus used for heat transfer experiments employing two air 

21. A. JmiM, "A* tt*$se4jr«*t*t* Method for Measuring Thwreal Diffusivity at 
*-*•——*—%*MimiB*I Beport June 15, 1950, OK AJflrod, 9a* Tark. 

lf<Wii^;<|»l^-Wi.AWtiHli|tjw(to|J.^ -«*-'. sspaurt; «%*•;•* ttww~a*» & J * •-.» - 

^^alai^^M^^^^SaS^^^ :'..>-..--   • 
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radiation media temperatures.    The upper furnace was operated at a temperature 

above that of the lower one.    It was not necessary to make these measurements 

with tungsten ana molybdenum thermocouples In the lower temperature range 

where base metal couples would suffice.    The top furnace in Figure 9 was 

operated at temperatures either above or below the temperature of the salt 

bath below it.    Of course it  is  impossible to use exactly the same temperature 

difference which caused failure of the ball because it would also cause 

failure cf the cylinder.    However,  9 temperature difference as close to this 

as possible was used.    The method of obtaining the thermal constant was the 

sarne for these set-ups as for air,  described   in the previous section. 

D,    Modulus of Elasticity 

The apparatus  shown in Figure  10 was used to measure Young's Modulus 

of elasticity by ft snnln method.     Specimens h"  lens ty *\/3*  in diameter were 

used.    These specimens vere ground  to shape from torcioral specimens prepared 

at Cccrc.    An audio oscillator and amplifier with matched  STvn>pr ver0  UHR;1 

to drive the  specimen at  one end  ty a number 3^ platinum wire  supporting 

that end  of the  specimen at a position JKEI off  its nodal poir.t.    A variable 

reluctance pick-up connected  to another piece of number 30 platinum wire 

picked up the vibration frrr. tbs  other end of the bar.    The signal from the 

variable reluctance cartridge was  sent tnrrugr. a preamplifier uuu uupiifieu 

to an oscilloscope  or vacuur: t loe  voltmeter tc  serve &9 detectorn.    An audio 

frequency meter of the 'Jicn bridge null detector type readable to the nearest 

5 cycles Has coupled to the hifjfe  impedance  line of the geu'-x-ior.    This 

meter was used to measure the frequency put out by the audio oscillator,   A 

very simple Globar furnace was used to heat the specimen.    The resonant 

frequency of the specimen vibrating iu flexure mm followed on the "scope" 

or the voltoster as the specimen was heated up to 1000°C.   From these data 

M-WM 
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It was possible to calculate (E) Young's Modulus using relationships described* 

by Pictett.3 

E,    Modulus of Rigidity 

The modulus of rigidity (Es) does not appear in the therrai shock, 

relationships, however, Poisson's ratio, and modulus of elasticity do appear. 

The necessity of measuring the modulus of elasticity suggests that an indirect 

method be used to measure Poisson's ratio from the relationship: 

~~T 

Poisson's ratio =    Sf   ~    -ii~     - / 
•   f 

5. 

Modulus of rigidity measurements were obtained using the apparatus 

shown in Figure  11.    Rectangular-ended specimens having a cylindrical center 

section were prepared by Coors for these tests.    The gage section measured 

9/l6" in diameter and  1-3A" long.    The aethod used has been described by 

J. A, Gtavr->iaki3.'*    Two sapphire mirrors vere nttnehed t« Kf» ends of the 

gage  section by platinum bezels.    An optical  lever system was used to measure 

the difference   in the ar.icunt of angular displacement of these mirrors ae  one 

end of the  specimen was twisted,  the  ether end being fixed.    The modulus  of 

rigidity was measured by this method  over the temperature range of 20 -  1000°C. 

F.    Tensile Strength 

Previous work dene  in the field of thermal shock has stressed the 

importance of reliable strength data and the knowledge of posclM:.- weak 

shear strengths existing in the test specimen.-    As a result of this work, 

^Pickett, C,   "Equations for Computing Elastic Constants From Flexural and 
Toreiooal Resonant Frequencies of Vibration of Prisms and Cylinders", ASTM 
Proceedings pa* 8U6-59. Vol. 1*5, 19A5. 

*8tavroLakl», J, A., Norton, P, H., "Measurement of the Torsion Properties of 
AlvEilna and Zlrconia at Elevated Temperatures", J. A. Cer. Soc. 33 (9) 263-268 
(1950), 

Hmimf E.S., mi ftsataieali. CJk,t "T&sra&l Sfcock assistance of 
Wmgmtom l mmnml *mWft* Pretested at the 99«J Meeting of t1 

Brittle 
the 



- 20 - 

a study was made of the strength of the Coors oaterial by two methods. 

The first tests were conducted using conical-ended test specimens 

and grips shewn In Figure 12.   The test specimens were prepared at Coors. 

The gage section was 3/8" la diameter and  I-5/8" long.    Graphite shims were 

used to cushion the test speciaen against the high temperature steel grip. 

A hydraulic pulling device with furnace attached was used to measure the 

tensile strength of the specimen.    The grips as well as the specimen were 

enclosed  in the furnace.    Measurements were made between 20-1000 C. 

The second tests were conducted using rectangular-ended tcrsional 

specimens shown in Figure  11.    At the sarae tine as measurements were being 

made to determine the modulus of rigidity, the loading on the specimen was 

increased rapidly until fracture occurred.    Measurements were aade between 

20  -  1200GC. 

RESULTS 

A.    Thermal Expansion 

The thormi.l expansion curve using the sapphire ulalatLon parts is 

shown in Figure 13, The ceeff iCicntc for the respective temperature ranges 

are chevn  in TOblR   T. 

Temperature 
25 - 1000 
25  -    200 

206 - Uoo 
1+00 - 600 
600 - 6C0 
800 - 1000 

1000 - 1200 
1200 - 1300 
1300 - 1U00 

TA IDE I 
Ui llit.'i:.iui '-JSj* 

.. . 

Got •ffic Lent of Thermal R xpansion (y 10 •6/°c) 
P 0 ^. \j 

6.1 
7.1 
7.9 
8*7 
9.9 

11.5 
IG. 3 
2.0 

m&sr&xi .   v.':-wy-siR 
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B.    Thermal Diffusivity ana" Surface Heat Transfer Coefficient 

The surface heat transfer coefficient, Blot's Modulus and thermal 

diffusivity for the Coers n5&t-~ri«ls is shown in Table II. 

TABIE II 

Heat Conduction Data 

C6TI71 

TefflDerature 
Surface Heat 

Transfer Coefficient 

.30 eta"1 

.55    " 

.05 

Thermal 
Blffuslvlty 

39 x 10 ^enf/sec. 
29 
23 
24 • 

ATR 

'".GO 
1000 

. -X, cm 
iq     " 

.20    " 

IS >: 10 "cm /sec. 
19 n 

17 ti 

14 it 

-1. 1! 

3.    ":3uiui;   rf • •iasticity 

"he  modulus   -,f eiasti~i\y sf the Ccors material from room 

c 
tcr-.ry-r&t ure  tc   L3GC 2   is shi-vr. fr. Figure  lh.    Table   ITT represents the 

olas^i-lty values  ever the  sa-.c  temperat-ure ran^e. 

Modulus of KIasticity 

Temperature  ~C 

25 

UOO 
600 
800 
1000 

"oduius cf Plasticity x 10° psi 

31.^0 
30.95 
30.37 
29.T0 
28.79 
27.10 

'«•' #• -+~ - 

'xmmmmmx eaasgg 
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B.    Poisson»8 Ratio 

Figure i> represents the modulus of rigidity values obtained between 

roo? terrpernture ana 1000°C.    Using the Modulus of elasticity values from 

Table  III and equation 5, Poisson-s ratiosvere calculated fron corresponding 

temperatures.    Table I? shows the values obtained. 

TABLE rv 
Poisson^ 1 Ratio 

Te: <peraturc- o„ 

~27 
r .flj) 

25 
200 ,22 
1+00 .17 
6oo • l** 
700 
000 *\5 

.33 

Tensile Strength 

j-t. „  <•• „_„, 

torsi rasl "sethod ^rc shown in Figure  16 and Table V, 

•>r1    hss   -t->>r 

TAPE V 

To ripe i*cturo    C 
^5 

1C0C 
11 • )0 

1150 
|2i»0 

Torsions! 
lo,r00 
J9,600 

17 > S'Jv 
•i A    rr n 

13,400 
0,500 
7,400 
6,300 
5,200 

Tliese data are  in good agreement with those found  using the  other 

type  cf experinent  i.e.,  direct pulling and are  quite a bit sinpler to run. 

Figure  17 is a photograph of a torsional specimen which is typical 

of the type of fracture obtained.    The explanation for the type stress 

developed is given below: 
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If a rod, fixed at one end, is subjected to a torsion resulting in 

shear / at the surface, this pure shear my be resolved into tensions 

( i  -: ) and ( - c )  oriented along the surface of the rod, perpendicular 

to each other, and at 1*5° to the axis of the rod. The relation between 

/ ..   aod cr   is 

It follows froui this, that if a helical fracture is characteristic 

of a rod when only pure torsion is applied, the fracture nust have been due 

, o 
to the action of the resolved tension at 45 to the axis of the rod. See 

Figure 18 below: ,4#  aJfcsss 

.... _ 

Therefore, even though the specimen was tested in torsion which would 

allow for shear releases to occur, none were found - all were helical ten6ile 

fractures. Thus, it was assumed that thie material was predominately weak in 

tension r±v&  that failures should occur in tension at the center upon heating 

the sphere and in tension at the surface upon cooling. Further proof that 

this is true is obtained fron an examination cf the type of fracture obtained 

in the balls when heated. See Figure 19. In all cases, the fracture was 

radial frou the center    leaving a nunber of rosette fragments, indicating 

a tensile fracture initiated at the center. 
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F.    Thermal Shock, Comparison of Experimental and Calculated Values - 

An attempt has been node to compare experimental thermal shock 

values,  ( ^T's) vita the theoretically calculated values obtained using a 

fairly wide range of l^fM*    The experimental values were obtained from rooo 

temperature to lU0O°C.    The calculated values were obtained by substituting 

1-ito the r.r.rrvr.t fornula for the  { £ ) range covered by the experiment.    The 

substitutlonal values were obtained by consulting the proper constant vs. 

temperature plot and  introducing the vaiuts which applied.    It has been assumed 

that a value should be substituted for the modulus of elasticity ( £ ) and 

Polsson*s ratio  (   V) which corresponds to a mean temperature,  i.e.. a value 

from the respective constant vs.  temperature plot at a temperature midway 

between the  initial and final temperature used to cause 50$ fracture of the 

balls.    The surface heat transfer coefficient  (H) and thermal diffusivity (  r»JJ 

was substituted which was obtained for a nearly similar experiment which had 

caused failure of the bail;  i.e.,   if SOS? of the one  inch balls failed upon 

heating with a starting temperature  of 25°C and a final temperature-  of 722CC, 

then the   (B) and   (  -••   ) values were found by the unsteady state method for the 

temperature difference having one half the final temperature  of 722VC and 

the same starting teuperature^    The coefficient of expansion  { dL ) vas 

obtained from the  slope of the straight  line  joining the expansion values for 

the starting and fiual temperature.    The tensile strength  {%£,) was  obtained 

using the time to -e.xir.ium stress  to determine the tenpjraturc and  thus the 

strength that must have been exceeded to cause failure. 

It is evident that the above described procedure for introducing 

the proper "constants" into the thermal shock relationships is open to 

question.    It seems quite evident that one should take some value for 

substitution which is intermediate between starting and final temperatures. 

l-*i. SMUrt£a*lB£AMfc»A&tItMmfi        i3l    S£wfcra   .*.,     ,-.,• 
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Eovever, the exact position of this value can only be assumed. The half 

temperature values are probably as realistic as any that night bo substituted 

for *m       and &      , The reason for selecting the temperature and thus the 

tine for the strength data from the tine to maximum stress values nay not be 

obvious, Failure or fracture of the ball upon heating is known to take place 

by initiating a tensile fracture at the center. The temperature of the area 

where failure occurs nay be closely estimated in the ball by taking the 

temperature froa the ''heating curves" of the semi-infinite cylinder for the 

tine where failure occurred in the ball (of the same size). Then using this 

temperature, the strength may be obtained fron strength versus temperature 

curve. Upon cooling the time to maximum stress is very short thus the 

temperature selected to use is that of the surface film. The temperature 

of this film would be near that of the final medium.  In both the case of 

heating and cooling, one must consider nore than just the area of the surface 

cr center, for nearly all parts of the body contribute to the strength. 

Therefore, a F&lws was substituted which was intermediate; between this one 

and the -ic-an. 

Following the system set forth above, the { Cl T'c) and { .'- ') 

were calculated for heating and cjoling conditions in salt and heating in 

••iir. Tii--- '.al :,jlato5 fsL.2}  value* -v.y  bo compared with the experimental 

values by referring to Table VI. 

TABLE VT 

Experimental and Calculated Thermal Shock Values 

Ik    M 
Heating in Salt (Calculated) 
Heating in Salt (Experlnsntal) 

Beating In Air (Calculated) 
Heating In Air (Experlaental) 

736  6W 
722  600 

559 
575 

X  lW*2  ikoo 
X  13^  1228 

2 1 

hh& 352 
%ko 500 

1135 1032 
1117 950 

a** h„*._ HUA 
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TABU; VI (Cont.) 

Experimental and Calculated Thermal Shock Values 

1       Jjjs       _ii       _2_     J*__ 

Cooling in Salt (Calculated) 736     648       559       ^     352 
Cooling in Salt (Experimental) 250     230 X X X 

Time  to luaxiaum strccc  ( .'•'-' ) values were eairMilatecl for each 

condition that could be checked experimentally.    These values also may be 

compared vith the experimeutal values by referring to T«*"ie VIT. 

TABLE VII 

Experimental and Calculated Time to Maximum Stress Values 

Heating in Salt   (Calculated) 
Heating in Salt   'Experimental] 

Heating in Air (Calculated) 
Heating in Air (Experimental) 

DISCUSSION Cf RESULTS 

A comparison of experimental and calculated   (' .-.^T's)  and   ( y^) 

shows c-nly fair agreement  In light of all tests conducted.    However,   it 

should  be emphasized here that this  investigation has endeavored to go 

i\ir'.her than „uct tc cmparc  crder of nagnltudes,  but has calculated 

numerical values for comparison with experimental tests,. 

It would appear that the experimental heating values in sait were 

toe high compared with the calculated values and too low in light of 

calculated values for the cooling cycle. This situation would suggest that 

perhaps the balls were received with some nonuniform stress along their 

cross-section. If the surface of the ball was under tension and the center 

in coaagpwsBioo as received, when the ball was heated to cause fracture, the 

ttamo-ttvea* developed would first have to reduce the compression io the 

J_ ii Jk 2 _3_ 

? 13 
12 

18 
17 

29 
20 

53 
95 

x 
X 

27 
ko 

36 
77 

60 
112 

107 
250 

».r».A  _* -i . _ 
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center before starting to develop the required tension to cause fracture. 

This would result in an overall larger stress and thus n greater temperature 

difference to cause failure.    The sane initial stress vouia cause the cooling 

temperature difference to he too small*    To determine if this were a possible 

cause for the conflict between experimental and calculated values a number 

of bells were placed in crucible* n-nfl Iwflefcwi slowly to 1500°C and held for 

8 hours.    These balls were cooled slowly to relieve any stress which might 

have been present.    Then a number of these bails were xestea to determine 

their (dl),    There was very little,  if any, difference in the resulting 

(^T) from this experiment over the original value.    From this test it 

was concluded that there were no initial stresses present in the balls. 

One nay  look to all of the  "constants" substituted   in the thermal 

shock relationship and question the procedure used  in their selection. 

However,  the  largest question undoubtedly may be raised regarding the strength 

and heat conduction values.    Strength in particular is a most  illusive 

property to determine.    Two methods were used to determine strength  involving 

two sizes and  techniques,    fhs direct pulling experiment   is an  indication of 

entire crocs-sect, ion strength whereas the torsional experiment probably 

indicates the strength more as a surface property.    The  transverse rupture 

test might be a better indication of the proper strength here, how-ver,   it 

does not   indicate possible weak shear strength.    The  size factor should  not 

be over-looked also.    The size  of the thermal shock pull  is  larger thun the 

gage section of either of the  test  specioiens  used to determine  strength.     It 

Is possible that the size relationship here Is in poor agreement.    Also, the 

stsrface in contact with the test specimen may influence the strength value 

obtained.   All strength measurements were made with air as the surface contact 

nedium.    SKtiaps the strength of the specimen in contact with the salt 

!lli**ai£*U»4feAW-.*  4_i^».;» £ 
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(especially or the cooling cycle where surface is so important)  is strongly 

influenced by the surface contact of salt. 

The surface heat transfer coefficient and Bict's modulus are most 

difficult to measure.    The manner in which the experiment is run may strongly 

influence the values obtained.    Therefore,   it is important that as nearly 

similar conditions as possible be used for both the hnftft shock test and the 

experiment which derives the values used for (n) and  (.4"'},    It is difficult 

to establish the proper boundary condition for an experiment such as the  one 

run in a salt bath,    The nature of the heat transfer from the salt to the ball 

involving surface films etc.,  complicates the measurement of the surface heat 

transfer coefficient.    The size of the specimen has an equal effect on the 

size of I t    ) as dees the heat tr-nsfer coefficient.     Tt  is possible to 

change the size of the specimen and thus change the values of riot's modulus 

by many times even for the  same temperature difference.    The way in which the 

slie of the ball changes the  tempera-cure difference g**«*JUsg failure   is oiiovn 

If* fligtaft  20.    Ao the #i&8  of the  bill is decr^nr.ori  the  temperature ulfferwtn-^ 

cr.usir.fr failure   increases rapidly.    Accordingly it follows that  if ttw size 

is increased  sufficiently rhe   (.a':') will become  co  Lurge  that  it  is  impossible 

%c   cause  failure  -.f the ball under practice!  conditions.    This  is the  situation 

t':uni  urM.nrr th-    ~w  inch  .e'l  ir.  the sis? radiation medium.    Actually,   the 

ccnuili'-w -i' plastic flow  -is reached vith thiu ar-u.il ball which releases the 

stress, before failure can occur.    In other words,  the body is no ionger 

elastic. 
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SUMMARY 

A Bjethod has "been developed for studying the thermal shock 

characteristics of a brittle substance.    The method consists of a single 

cycle test of unsteady state nature.    Two testing conditions have been 

selected - one having a rather high surface heat transfer coefficient 11 0 

liquid hath and the firfcfcjsr having a small finite surface heat transfer 

coefficient in an air bath.    These two conditions are at either extremes 

regarding the thermal shoe* wufclty jfJ^fra S substance in pf&stlco,. 

The onSy fair agreement found in tte ealculated and experimental 

data Indicates that further investigation -£# heiessary.    The importatjoe of 

certain Actors, such as tine: •*.-.- -r-xt-nan stress, which was found to be In 

rather good agreement 2f3f f-he  salt tV* heat transfer cancel be over-looked. 

There are many applications In the high teT.pcratw* - Jvlgh stress field  in 

which  taw  concept of tSJSfii ft? •SfeiaKS ttresr &££&< *-N   »«• e;:'.-riined*    For 

example,   in the w"^c whf.-rr: re j* at.-i h^gh temperature heatings are made on a 

refractory piece,  the cycling r.ifht bo firrnngod  S') that the time to maximum 

*tress was nvvor reached for the partfetilar heating cycle  - although the   fj, T) 

was higher than that necessary to cause failure.    Much is to be  learned from 

this type 01   study vnUh TV 1>B -ppll^ %£ actual cituati — r.     *»  **«*  ** 

emphasized, however, that this vorR has  ceen conducted on mm i'l-.^l-  set of 

conditions and the factors found here do not necessarily carry over Into 

ether olt'istiens,. 

A" is -:<oiw&1.ssk-s*: 
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